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ABSTRACT 
Long range guided wave inspection is a new emerging technology for rapidly and glob-
ally inspecting a large structure from a single test location. Ultrasonic guided wave in-
spection is expanding rapidly in different areas of rrianufacturing and in-service inspection. 
In the last decade an increased awareness of the effectiveness of NDE and understanding 
of the basic physics and wave mechanics associated with the guided wave inspection has 
led to many practical nondestructive evaluation applications. 
In the present study magnetostrictive sensor system has been used to study various 
scattering and propagation properties of the longitudinal waves in thin steel rods at low 
frequencies. The motivation of such a study is a result of dire need and interest in the 
understanding of the wave propagation in various cylindrical structures in a number of 
different applications such as medical ultrasound, acoustic propagation along boreholes, 
acoustic sensing and fiber acousto-optics etc. While researcher are trying to investigate 
new phenomenon of the wave propagation, it is equally important to improve and extend 
the work already done in the past. Such is the intention behind the study done for this 
thesis work. Two sets of experiments have been designed to accomplish the aforemen-
tioned tasks. One experimental study involves the acquisition of wave propagation data 
on an anchor rod in different physical conditions which are (i) rod in its original shape 
with no defects, (ii) rod with random gouges in a small portion (iii) rod with partial 
gouged area filled with the silver solder and (iv) rod with gouged area completely filled 
with the molten silver solder. Attenuation curves for each rod condition have been plotted 
against frequency. These curves are then compared with the predictions based upon the 
general observation of the attenuation characteristics of in-service anchor rods in fields. 
The second experiment has been based on the work done by Abramson and Ripperger 
[42J who did a study on the scattering of longitudinal waves in a thin steel rod at a dis-
continuity in the diameter of the rod. They worked out the reflection and transmission 
coefficients based on the amplitude information of the reflection and transmission of wave 
at the discontinuity location. The error percentage in the results -was too high to be at-
tributed as the experimental error so it was concluded that poor experiment assumptions 
and non availability of sophisticated equipment could be a potential hinderance in getting 
the accurate results. Their work also lacked the study of the phenomenon such as pulse 
frequency and the ratio of the bar diameters. The present study aims to fill the gaps 
in Abramson and Ripperger's study and improve their results. l~7agnetostrictive sensor 
system along with the sophisticated computational signal processing techniques have been 
employed to carry out an expanded study of the longitudinal wave propagation at various 
frequencies and calculation of its scattering parameters after the encounter at the discon-
tinuity of cross section. The experiments involve the acquisition of data on three steel 
rods with each having discontinuity of 1 /4, 1 /2 and 3/4 inch respectively in cross section. 
The experimental data, concerning the reflection and transmission of longitudinal pulses 
in such rods rod at a discontinuity in cross section has been obtained. The experimental 
data has been compared with the predictions based upon the elementary theories. Addi-
tional wave propagation characteristics have also been studied such as attenuation of the 
waves, mode conversion after the wave encounter at the discontinuity and wave disper-
sion effects. The issues related to the sensitivity of the receiving probes with respect to 
frequency and diameter of the rod have also been studied. 
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CHAPTER 1. OVERVIEW o~ GUIDED WAVE ~TDE 
Long range guided wave inspection is a new emerging technology for rapidly and 
globally inspecting a large structure from a single test location [1] . Ultrasonic Guided 
Wave inspection is expanding rapidly in the different areas of manufacturing and in-
service inspection. In the last decade an increased awareness of the effectiveness of the 
NDE and understanding of the basic physics and wave mechanics associated with the 
guided wave inspection has led to many practical non-destructive evaluation applications. 
This chapter provides an overview of the basic principles, properties and applications of 
the guided waves NDE inspection of the structures [2j . 
1.1 Intro duct ion 
The inspection of large structures using conventional ultrasonic bulk wave techniques 
is slow because scanning is required if the whole structure is to be tested. Ultrasonic 
guided waves potentially provide an attractive solution to this problem because they can 
be excited at one location and will propagate many meters [3j .and [4] . The major difference 
between bulk wave propagation and guided wave propagation is the fact that a boundary 
is required for guided wave propagation. As a result of a boundary along a thin. plate or 
interface, we can imagine a variety of different waves reflecting and mode converting inside 
a structure and superimposing with areas of constructive and destructive interference that 
finally leads to a nicely behaved guided wave packets that can travel inside the structure 
[5] . The existence of infinite number of wave modes can complicate the study of the 
guided waves and hinder the development of practical applications. But the effective use 
of mode selection and rejection of unwanted modes can lead to a much simpler solution 
to the inspection problem. 
Very broadly speaking the use of guided waves in ~ ICE inspections fall into two cat-
egories depending upon the distance of propagation. The first area involves the use of 
guided waves for short range applications where the determination of elastic properties of 
the structure are not readily obtained using the conventional ultrasonic techniques. These 
areas include the determination of material properties of the structure, inspection of de-
fects near to the interface such as adhesive .joint inspzction and air coupled inspection of 
thin specimen. The sensitivity is the most important aspect in such inspections and that 
determines the choice of particular mode. The second category involves the applications 
where the propagation distances of the waves are long. Examples of such applications 
are inspection of gas pipeline, long rod like structures, detection of delamination in rolled 
steel and plate inspections. The goal of such inspections is to examine the large area 
rapidly [6] . 
1.2 Basic principles 
Guided waves refer to mechanical or elastic waves in the ultrasonic and sonic frequen-
cies that propagate along the bo~andar•y of the structures such as pipe, rod, plate etc. As 
the na~ue name .suggests these waves are guided by the boundaries of the structures [7] . 
The main attraction in the guided wave inspection techniques is the fact .that large struc-
tures can be examined from a single test location. The effectiveness of such inspection 
becomes more evident when the whole structure or a part of structure is inaccessible, for 
instance, buried pipes under the road. The long range inspection can be performed in 
different modes; pulse-echo being the most commonly used mode. 
Guided waves can be used in three different regimes, each of which has been extensively. 
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researched. These are short range (« lm), medium range (up to 5m) and long range 
(up to around 100m). The short range methods include high frequency surface wave 
scanning (for example, the use of Rayleigh waves for the detection of small surface defects 
in artillery shells), leaky lamb inspection of composite materials and acoustic microscopy 
in which a leaky surface wave is generated by a lens. Medium range testing typically 
involves the frequency range 250 kHz - 1 MHz and has been successfully applied to plate, 
tube and pipe testing, weld inspection, aircraft lap joints and ice detection on aircrafts. 
Finally, the long range inspection involves the use of frequencies below 100 kHz. It is hard 
to draw a distinctive line between the medium range and long range testing conditions. 
There are some technical issues which are true to both kind of testing [3]. 
The geometry of the structure has a strong influence. on the properties of the guided 
waves because these waves are guided by the geometrical boundaries of the structure [8]. 
Guided waves are dispersive in contrast to the ultrasonic waves used in the conventional 
ultrasonic inspection which propagate with a velocity that is largely independent of fre-
quency. In addition to this guided waves can propagate in different wave modes and 
orders. 
1.3 Designing an experiment 
There is no standard recipe for designing a guided wave NDE test -which works for 
every kind of inspection. In fact there are few rules of the thumb which could be followed 
for the efficient inspection procedure. In general, the analysis of tfie inspection can be 
divided into three parts. Forward simulation of elastic wave propagation, elastic wave 
measurement and inverse analysis (or signal processing). Forward simulation of elastic 
waves includes some analytical results (exact or approximate) for some simple geometry 
structures and numerical solutions using the finite difference,. finite element or boundary 
element methods. Elastic measui ernent involves various sources (such as steel ball impact, 
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piezo-electric transducers, lnagnetostrictive transducers etc.) and receivers (such as laser 
interferometer, strain gauges etc.) . Inverse analysis or signal analysis of elastic waves 
involves using efficient inverse algorithms, imaging processing, neural networks etc [9]. 
Each non-destructive evaluation method can bethought of as an alternative or addition 
to the existing methods. The guided wave techniques can be used to overcome some 
common problems. For instance, in civil engineering structures sometimes its not possible 
to inspect the whole structure using certain NDE method due to restricted accessibility. 
Also the point by point inspection nature of the conventional NDE methods make an 
inspection too tir-ne consuming to be feasible. [10]. Guided wave methods can be used to 
inspect areas that would be considered inaccessible using other techniques. Furthermore, 
they can cover a large area rapidly. 
1.3.1 Dispersion curves 
A dispersion diagram provides a wealth of information regarding the kind of waves 
and modes that could travel in the structure. This information can be used in the design 
and analysis of a guided wave NDE experiments. By using the dispersion diagram we can 
choose the best possible frequency region where useful wave modes occur {2] . Qften we 
produce multiple modes during the excitation of guided waves and the characteristics of 
each one of them can be studied using the dispersion diagram. A sample dispersion graph 
is shown in figure 1.1 fora 1 inch diameter steel rod of .length 10 feet. The dispersion 
diagram has been obtained using the software named Disperse, developed at the Imperial 
College, London. For a detailed overview of the software and its underlying principles refer 
to [11] and [12]. In order to propagate the L(0,1) mode only in the rod, a low frequency 
is needed. Along with this we arrange the transducer in such a way as to produce only 
the required mode. Lets look snore closely at the dispersion diagram for a steel rod. The 
figure 1.1 provides the mode excited up to 200 kHz. In the low frequency limit for a mode, 
L(0,1) for example, approaches the bar velocity of a steel. rod. The bar velocity being the 
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square root ratio of Young's modulus to the density of the rod. Note that higher modes, 
such as T(1,2), L(o,2) etc, have cut-off frequencies associated. with them. In these case, 
as the frequency decreases, the mode finally disappears at the cut-ofd frequencies. 
Dispersion curve of 25.4-mm OD rod 
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Figure 1.1 Dispersion diagram fora 25mm diameter and to feet long steel 
rod. As can be seen from the diagram T(o, 1) is only Ynode which 
exhibits no dispersion. Courtesy: I~r. Sang Kim at South West 
Research Institute 
1.3.2 Mode selection 
There are number of different types of wave modes and orders that can be produced 
within a structure under inspection. In order to be able to interpret the data, it is very 
important to generate the wave modes in a well controlled environment. The choice of a 
particular mode depends upon many factors including resolution required, type of defect 
to be detected, attenuation and the type of transduction required [13] . Another important 
consideration for mode selection is the wave structure. For instance, in pipe inspection 
for corrosion, it is recommended that a mode can be used which has uniform stress over 
the whole cross section of pipe. This means there will lie equal sensitivity to cross section 
loss at any location through the wall thickness or round the circumference. It is known 
that the choice of modes and frequency of the wave along with the choice of transducer 
dictate the properties of a measurement system. The following summarizes the mode and 
frequency considerations for a guided wave inspection method [14]: 
1. The sensitivity of the selected mode and frequency is base on wave structure choice 
and the goal of examination such as surface, interface, internal defects etc. 
2. The efficiency that the mode and frequency can be generated and received at the 
chosen points. 
3. The amount of leakage (loss of energy) that the mode will undergo if the structure 
has some solid or liquid boundaries. 
4. The existence of other modes in the chosen frequency range via source influence and 
transducer design studies 
5. The dispersive nature of R,F signal of the mode at a particular frequency when 
propagating. 
1.4 Examples 
Presently, guided wave NDE is being used in many practical applications. An inter-
esting application of guided waves inspection has been suggested by Rose and Avioli [15] 
who .have used guided waves produced by a rail road train to detect the broken rails. In 
the aircraft, industry guided wave methods have been used for the inspection of fuselage 
wall thinning, lap splices, tear straps, helicopter blade transmission beams, landing gear 
and cracks in the second layer of the multi layer structure. These structures are examples 
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of natural wave guides with appropriate boundaries to accommodate guided wave r~iodes 
[16]. Further examples are provided in the following. 
1.4.1 Pipe inspection 
Peter Cawley of Mechanical Engineering Department, Imperial College London and 
his group specialize in ultrasonic inspection methods, with a particular emphasis on the 
use of guided ultrasonic waves. The following two examples are based on the work in [3] 
and [17]. 
The safe operation of petrochemical plant requires the screening of pipes for any 
damage due to the corrosion. A cost effective testing technique was required to perform 
such inspections taking into account that these pipes run for long distances. 1Vlost of the 
industrial pipelines are insulated and require the removal of insulation just for the visual 
inspection but this costly and best avoided. Guided wave NDE provided a cost and time 
efficient method for the inspection of such pipelines. The first step is to choose the wave 
modes and a suitable frequency. The most attractive mode for the pipe inspection is that 
which has a uniform stress distribution over the whole cross section. This mode has a 
uniform sensitivity to the damage at any point in the cross section. From the dispersion 
curves of the pipe, there are three modes which fulfill the uniform stress distribution 
requirement and they are L(0,1), L(0,2) and T(0,1). They are essentially the extensional 
(longitudinal) and the torsional modes. 
Longitudinal modes are rejected because their particle displacement is in the a~cial as
well as in the radial direction which is not very accurate for inspection of liquid filled 
pipelines. Also, the group velocity of the L(0,1) mode changes very rapidly with the 
frequency which adds uncertainties in the signal processing. Hence the T(0,1) mode is 
chosen for the inspection since it is anon-dispersive mode and does not show any particlE 
displacement in the radial direction. In the figure 1.3, typical reflections from symmetric 
and asymmetric features are shown. The increase in the mode converted signal can be 
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Figure 1.2 Disperison curves fora 6 inch, schedule 40 steel pipe All possible 
waves modes have been shown in the diagram up to 100 kHz [3] 
clearly seen for the asymmetric case and this a key element in the defect identification 
scheme . 
1.4.2 Rock bolt inspection 
Rock bolts are used extensively in the coal mining industry. These bolts provide 
reinforcement to the coal mine rail road and the give support to the mine roof. In order 
to avoid any unfortunate incident, the non-destructive testing of these bolts is necessary 
along with the traditional visual inspection. 
Rock bolts are steel studs fixed into the coal mine roof to prevent the movement and 
expansion of the rock strata hence providing improved safety conditions. These bolts 
acquire cracks, corrosion and other damage over a period of time. Figure 1.4 shows a 
schematic of nondestructive test system of such a bolt. 
As can be seen in the figure, the rock bolt is drilled into the rack with a layer of epoxy to 
provide better locking between the rock and the bolt. An ultrasonic transducer is clamped 
at one end of the bolt to generate and detect the ultrasonic signals. The goal of the test 
~"~ 
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Figure 1.3 Typical signals from (a) axisymmetric defect e.g. weld (b) cor-
rosion [3J 
is to detect any tensile failure of the bolt due to the shearing movement of the rock strata 
which occurs in the plane normal to the axis of the bolt. The proposed technique should 
be able to detect the residual length of the bolt hence providing an indication of any 
failure. Along with residual length data, the test should also be able to detect any other 
defects such as corrosion or incomplete resin encapsulation (bad epoxy layer) caused by 
the poor bonding or incorrect installation. 
The first important thing to establish is the frequency range and modes to be used in 
the test. Initially high frequency, low leakage modes are used but they do not give good 
results because of the high attenuation in deformed bolts as compared to the straight 
bolts where the results -are very encouraging. The selection of suitable frequency and 
modes can be made by the close examination of the dispersion curves. Those modes 
and frequency range should be used in the test which give the lowest attenuation and 
high energy velocity. The dispersion curves for the belt arrangement show a attenuation 
minimum at around 70kHz for the L(0,1) mode. The other minima correspond to the 
points on the L(0,1) and L(Q,2) curves where high energy enters into the epoxy layer and 
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Nut and 
plate 
Rock holt~ 
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Guided ti~rave reflected 
from bolt end 
Figure 1.4 Schematic diagram of the proposed inspection method. An ul-
trasonic transducer is clamped at one end of the bolt and con-
nected to a pulse echo instrument. A short duration tone burst 
is used to excite the guided waves which are then detected after 
they are reflected from any defect or damage [17]. 
as a result low energy velocity at these points. Hence the L(0,1) mode with the frequency 
around 70kHz is chosen for the test. 
Having identified the mode and the frequency; the model should be examined for its 
sensitivity to the changes in the material properties and the geometry. Without going 
into too much detail, the model provides a good agreement between the laboratory and 
the actual site test results. 
1.4.3 Plate inspection 
Dr. Hegeon Kwun of Nondestructive Evaluation (NDE) Science and 'Technology Di-
vision at Southwest Research Institute, has been primarily engaged in the application of 
ultrasonics and magnetics to a variety of NDE problems. He has been instrumental in the 
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Figure 1.5 Attenuation dispersion curves for the rock bolt model , consist-
ing of a 21.7mm diameter steel bar, surrounded by a 4mm layer 
of epoxy and embedded in limestone [17] 
development of magnetostriction sensor (MsS) technology as a means of inspection pipes, 
tubes and other structures for the defects such as corrosion and cracking. The following 
example is based on his work with other institute scientists in [18] . 
This is an example of long range inspection. of large plate structures. South West 
Research Institute has developed a sensor system called the "1Vlagnetostrictive Sensor 
System" to globally inspect large structures from a single test location by generating and 
detecting the stress waves in the structure. More details about the configuration and 
working of the system later in this thesis . 
The properties of the guided waves for the steel plate geometry are illustrated in 
the dispersion curves in the figure 1.7. In the plate structure, the guided waves exist 
in two different modes: Longitudinal that is generally called "Lamb" waves and exist 
in symmetric (S) and antisymmetric (A) mode, and shear horizontal (SH). As can be 
seen from the dispersion curves in figure 1.7 that shear horizontal (SH) mode is only 
dispersiveness mode in the plate structure. This mode can be easily generated in the 
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Figure 1.6 Energy velocity dispersion curves for the rock bolt model , con-
sisting of a 21.7mm diameter steel. bar, surrounded by a 4mm 
layer of epoxy and embedded in limestone [17] 
plate structure using the MsS system so this is our choice for the mode selection. Figure 
1.8 shows the data .obtained using 128 kHz SH mode guided wave from a 0.25-inch-thick, 
4 x 20 ft size steel plate as illustrated on the top of the figure. The two traces of data are 
correspondingly for the sensor placed near the side of the plate so that the notch is out of 
the guided wave beam and the sensor placed at the center of the plate so that the notch 
would face the guided wave beam at the normal angle. Using this scheme, large plate like 
structures can be easily inspected at low cost and in a time efficient way. 
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Figure 1.7 Example of dispersion curves of various guided wave modes in 
plate (0.26-inch thick). The numbers after the letter indicate 
the order of the wave anode [18] 
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Figure 1.8 128 kHz SH mode guided wave data for 0.25-inch-thick and 4 x 
20 foot steel plate [18~ 
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CHAPTER 2. MAGNETOSTRICTIVE SENSOR 
TECHNOLOGY 
Magnetostrictive sensor technology has found a significant number of scientific and 
engineering applications after South West Research Institute began active research to 
.explore the potential usefulness of the technology in 1992. Since then, an increasing 
number of scientific and. engineering applications have been developed including the study 
of wave dispersion in structures, long range inspection of steel pipes and tubes, condition 
monitoring of machinery such as combustion engines and Onboard sensing of crash events 
for vehicle safety [ 19] . 
2.1 Magnetostrictive sensor system background 
The magnetostrictive sensor (MsS) System is astate-of--the-art instrument developed 
by South West Research Institute in San Antonio, Texas. The instrument is being used 
successfully in the industrial and research applications of low frequency (5 ~ 250 kHz) 
guided waves. MsSR-2020 and MsSR-2020D are based on the patented magnetostrictive 
sensor system technology the later being the new model with software upgrades. Both of 
them are applicable for ferrous and non-ferrous materials. The sensor system is different 
from the previous magnetostrictive sensors in the sense that it does not actually contain 
the magnetostrictive material but makes use of the magnetostrictive effect in the material 
under test. For this reason the MsS system works best for the ferromagnetic structures. 
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2.2 Magnetostriction principle 
Magnetostrictive sensor technology is based on the property of the material which 
enables it to change its dimensions in the presence of a external magnetic field. In ad- 
dition, a change in dimension is converted back into electromagnetic or electrical energy. 
These two phenomenons are called the Joule effect and the villari effect respectively. An 
additional phenomenon known as the Wiedemann effect is a twisting in a material when 
a helical magnetic field is applied. The inverse of this is called the Matteuci effect which 
is the creation of a helical field when a magnetostrictive material is subject to a torque. 
The transduction capability of the material is used in the development of actuation and 
sensing devices. 
2.3 Chronological development 
In this section, a brief general historical background of magnetostriction is given. The 
first observation about the presence of magnetostriction is attributed to James- Prescott 
Joule in the year 1840 who identified the positive change in the length of iron sample 
when its magnetization was changed. Some of the earlier uses of magnetostrictive mate-~ 
rials during the first half of the 20th century include telephone receivers, hydrophones, 
magnetostrictive oscillators, torque meters and scanning sonar. The applications were 
developed using nickel as the magnetostrictive material which exhibited a bulk strain 
of 10-4. In fact, in 1861 the first telephone receiver tested by Phillips Reis was based 
on magnetostriction. Until the late 1920's these phenomena found no new applications 
and remained largely of the theoretical interest. The first serious engineering application 
of the magnetostrictive effects was the magnetostrictive bar to control high frequency 
oscillations and to produce ultrasonic waves in the liquids, solids and gases. Other appli-
cations followed including echo-depth recorders, transducers for sonars during the World 
War II, high power ultrasonic processors and ultrasonic delay lines for electronic informa-
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tion processing and storage [20] . In the 1960's the rare earth elements terbium (Tb) and 
dysprosium (Dy) were found to have between 100 and 10,000 times the magnetostrictive 
strains found in the nickel alloys. However this property only occurs at low temperatures, 
applications operating at ambient temperature and above were not possible for these 
rare earth elements. Also, developmental interest in magnetostrictive devices declined 
due to technical advances in piezoelectric devices in particular through the production 
of versatile and efficient ceramic piezoelectric materials such as lead titanate zirconate. 
In the 1970's the discovery of giant magnetostrictive alloys renewed the interest in mag- 
netostriction transducer technology. In the mid to late 1980's a lot of magnetostrictive 
sensors, actuators and dampers have surfaced with the availability of larger strain and 
larger force giant magnetostrictive materials such as Terfenol-D and Metglass. In 1990, 
scientists at the South West Research Institute began to consider the use of magnetostr~.c- 
five effects in the field of nondestructive evaluation .applications Where existing technology 
was impractical. The goal of their study was to find efficient means of inspecting steel 
cables or strands used in traditional suspension bridges and modern cable-stayed bridges, 
where cables are used as the primary load. bearer. A technique to transmit and detect 
ultrasonic waves without direct physical contact and without a couplant such. as water 
or oil for the engineering applications of the NDE It had long been sought. Piezoelectric 
transducers_ require direct contact plus a couplant cannot be used to inspect the suspen-
sion bridges. Other examples where piezoelectric transducers cannot be used are internal 
inspection of the gas pipelines using the mechanical "Pigs" which traverse hundreds of 
miles of the pipelines, where the use of couplant is logistically difficult or unacceptable: 
inspection of materials at high temperatures, such as mill products during fabrication 
or plant equipment under operation; and inspection of structures whose surfaces are not 
directly accessible, such as those with thick paint or coating and piping under thermal 
insulation. Electromagnetic acoustic transducers {EMAT) were developed to meet the 
limitation posed by piezoelectric transducers. EMATs have enjoyed limited success but 
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they are plagued by their low efficiency and high sensitivity to the lift-off. In search of 
the solution for such problems, scientists at South West Research Institute .examined the 
working of early developed magnetostrictive delay lines which could provide an means of 
producing non-contact transmission and detection of elastic waves in bridge cables. Af-
ter the success of this project a number of different research and development programs 
started on gas pipe, tube, strand and rod inspection [20] . 
2.4 Magnetostrictive sensor system technical background 
In this section, a brief description is given for the configuration, instrumentation and 
some technical features of MsS along with the applications of .the sensor system. 
The sensor is configured to apply time varying magnetic fields to the material under testa 
Similarly, it is configured to pick up ar~y changes in the magnetic induction of the material 
caused by stress variation. There are two types of MsS probes; one for cylindrical. and 
another for plate type structures. For cylindrical objects like rods, pipes. etc., a ring like 
probe is required to encircle the structure. For plate like structures, rectangular shaped 
probes are placed on the surface of the structure [22] . The MsS probe schematic is shown 
in figure 2.1. The schematic of the instrumentation and configuration of the system is 
shown in the figure 2.2. A single MsS probe generates guided waves in both directions 
and detects the waves from either direction with the same sensitivity. In this way the 
data obtained is very complex and difficult to analyze. 
To simplify the data analysis. and signal patterns, the MsS system contains two sets of 
transmitters and receivers. The system functions by applying the phased-array principle 
that involve: 
1. Quarter wavelength separation between the two probes. 
2. Quarter period (or wavelength) time delay between the transmitter pulses. 
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Figure 2.1 Schematic diagram of the MsS probe for cylindrical objects [20] 
3. Quarter period (or wavelength) time delay between the signal detected by the two 
receivers. 
The transduction efficiency (electrical to mechanical and vice versa) of the sensor 
is greatly enhanced when the material under testing has a DC magnetic biased. The 
transduction efficiency initially increase with the external DC magnetic field up to a 
certain point and then drops down as can be seen in the figure 2.3. The optimum level of 
the DC magnetic bias is the area just below the knee of the magnetization curve. Sorne 
of the features of the MsS system (MsSR 2020 and MsSR 2020D) are given below: 
1. MsS can be used with a gap between the material The non contact nature of 
the system makes it very attractive for the defect detection of the non stationary 
components. A good e~:ample of such inspection has been reported by [27] . The 
authors have reported a study done for non contact damage detection of a rotating 
shaft using the magnetostrictive effect. 
2. The MsS is most commonly used to inspect carbon steel and alloy steel but can 
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Figure 2.2 Schematic diagram of the MsS system and associated instrumen-
tation [25] 
also be made work on the non ferrous material such as aluminium or Inconel, and 
non metals, such as composites or plastics, by providing a ferromagnetic material 
in the areas where sensor is to be placed. This is achieved by plating with a thin 
coat of nickel or bonding a strip or ribbon of the ferromagnetic material onto the 
component. This can also be done by embedding a ferromagr~etic medium in the 
structure during manufacture as in the case of composites and concrete [20] . 
3. Easy mode control by relative alignment between the DC bias magnetic field and 
time varying magnetic field produced by MsS 
4. High sensitivity up to 2 ~ 3°~o differences from the normal condition 
5. The operating frequency of the MsS system is from few hertz up to several hundred 
kilo hertz. The frequency response of the system is very broad and can be used for 
the entire frequency range. 
6. Inspect pipe and tube up to 40 inch diameter and plates of thickness up to 1.5 inch 
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7. Work for high temperature applications (up to curie temperature at which the ma-
terial looses its ferromagnetism) 
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Figure 2.3 Transduction effiecieny versus the DC bias magnetic field [20] 
The DC bias magnetization is attained either by using a permanent magnet, an elec-
tromagnet or residual magnetization induced in the material under test. The external 
magnetization not only increases the transduction efficiency but also helps to make the 
frequencies of electrical and guided waves the same. 
2.5 Application of the magnetostrictive sensor system 
2.5.1 Active nondestructive inspection 
In this application the MsS is used to generate elastic guided waves in the structure 
and detect the reflected echoes of the waves from defects, cracks etc. Based on the travel 
time, and amplitude information of the signal, the location and the severity of the defect 
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is identified. This kind. of nondestructive inspection is very common in the gas and petro-
chemical industries where vast lengths of the pipes .and tubes a.re examined for health 
monitoring and strength assesment. Other NDE methods like x-ray or eddy current in-
spection are limited to the inspection of a small area of the structure. 
One of the examples of such MsS applications is anchor rod examination. Anchor rods 
are usually very long and with most of length embedded in concrete. Anchor rods pulled 
out of the buried position have contained cracks in the threaded regions at both ends 
in addition to corrosion wastage in the shank length. The combined effects of corrosion 
wastage, threads, cracks and the large inspection area makes conventional ultrasonic in-
spection dif~i.cult for buried rods in service. After the period of service the rod has high 
attenuation, compared to that of new rod [24] . The magnetostrictive sensor system is 
used to generate the waves at one end and detect the echoes of .end wall reflection. The 
amplitude information of .such echoes leads to the determination of attenuation of the 
.rod in different conditions. Similarly many cylindrical and plate like structures can be 
inspected for NDE purposes using MsS. 
2.5.2 Passive monitoring 
MsS can be effectively used to passively detect transient stress waves as well as time 
varying (dynamic) stresses. This technology has been proved very successful in the com-
bustion engine diagnosis. High emission levels caused by misfire in gasoline engines gen-
erally occur during start up or as a result of transient events associated with the low 
engine speeds. At higher frequencies the misfire can be a good indication of problems 
with the spark plugs, ignition wires and coils, fuel quality or fuel system components. 
Many different types of faults can be detected with a MsS [20] . 
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2.5.2.1 Acoustic emission monitoring 
A MsS system can be reliably used to detect the transient stress waves called the 
acoustic emission signals. The detection of such waves can help monitor crack propagation 
or fracture in a component. 
2.5.2.2 Dynamic stress measurement 
MsS system can be used to measure the dynamic torque on a rotating shaft. Previously 
a strain gauge along with a telemetry was used to communicate the data to the detection 
instrument which is very time consuming and expensive. . The strain gauges are bonded 
by interrupting the usual operation of the shaft. 
2.5.3 Elastic-wave dispersion studies 
Elastic wave dispersion characteristics in bounded solids have long been extensively 
studied and researclZed. In the last few years it has been realized that the broad frequency 
response characteristic and the ability to transmit and detect elastic waves without any 
direct physical contact makes it possible to study the dispersion characteristics of various 
structures. The method of the study involves transmitting a short elastic wave pulse 
into the material using MsS transmitter probe, detecting the transient waveforms using 
MsS recevier probe and performing atime-frequency analysis on the detected signal using 
the short-time Fourier transform [25] . This method allows us to observe the dispersive 
characteristics of the structures for various structure configurations over a large frequency 
range. Such dispersion studies help to minimize the unwanted data by choosing appro-
priate modes and a suitable frequency. 
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2.5.4 Application to non-ferrous meatal and non-metallic materials 
MsS system is based on the magnetostrictive effect in ferromagnetic materials like 
carbon steel, nickel alloy. The operation of the system can be extended to the non-ferrous 
material, For instance aluminium, by using a nickel strip placed over the non-ferrous 
material. The elastic wave are produced using the MsS system in the nickel strip which 
are then coupled to the material. The reverse process is true for the detection of the 
elastic waves by MsS system [26] . 
2.6 Thesis motivation and concluding remarks 
In the present study magnetostrictive sensor system has -been used to shady various 
scattering and propagation properties of the longitudinal waves in thin steel rods at low 
frequencies. The motivation of such a study is a result of dire need ~,nd interest in the 
understanding of -the wave propagation in various cylindrical structures in a number of 
different applications such as medical ultrasound, acoustic propagation along boreholes, 
acoustic sensing and fiber acousto-optics etc. While researcher are trying to investigate 
new phenomenon of the wave propagation, it is equally important to improve and exteYzd 
the work already done in the past. Such is the intention behind the study done for this 
thesis work. Two sets of experiments have been designed to accomplish the aforemen-
tioned tasks. One experimental study involves the acquisition of wave propagation data 
on an anchor rod in different physical conditions which are (i) rod in its original shape 
with no defects, (ii) rod with random gouges in a small portion (iii) rod with partial 
gouged area filled with the silver solder and (iv) rod with gouged area completely filled 
with the molten silver solder. Attenuation curves for each rod condition have been plotted 
against frequency. These curves are ~~hen compared with the predictions based upon the 
general observation of the attenuation characteristics of in-service anchor rods in Melds. 
The second experiment has been based on the work done by Abramson and Ripperger 
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[42] who did a study on the scattering of longitudinal waves in a thin steel rod at a dis-
continuity in the diameter of the rod. They worked out the reflection and transmission 
coefficients based on the amplitude information of the reflection and transmission of wave 
at the discontinuity location. The error percentage in the results was too high. to be at-
tributed as the experimental error so it was concluded that poor experiment assumptions 
and non availability of sophisticated equipment could be a potential hinderance in getting 
the accurate results. Their work also lacked the study of the phenomenon such as pulse 
frequency and the ratio of the bar diameters. The present study aims to fill the gaps 
in Abramson and Ripperger's study and improve their results. 1Vlagnetostrictive sensor 
system along with the sophisticated computational signal processing techniques have been 
employed to carry out an expanded study of the longitudinal wave propagation at various 
frequencies and calculation of its scattering parameters after the encounter at tfie discon-
tinuity of cross section. The experiments involve the acquisition of data on three steel 
rods with each having discontinuity of 1/4, 1/2 and 3/4 inch respectively in cross section. 
The .experimental data, concerning the reflection and transmission of longitudinal pulses 
in such rods rod at a discontinuity in cross section has been obtained. The experimental 
data has been compared with the predictions based upon the elementary theories. Addi-
tional wave propagation characteristics have also been studied such as attenuation of the 
waves, mode conversion after the wave encounter at the discontinuity and wave disper-
sion effects. The issues related to the sensitivity of the receiving probes with respect to 
frequency and diameter of the rod have also been studied. 
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CHAPTER 3. THEORY OF LONGITUDINAL WAVE 
PROPAGATION IN RODS 
It has been pointed out and discussed in chapter 1 that the use of elastic waves to 
measure the elastic properties as well as flaws in solid specimens has received much atten-
tion in the recent past, and many applications has been developed recently. In general the 
analysis of such inspections involves three steps. Forward- simulation of elastic wave prop-
agation, elastic wave measurement and inverse analysis (or signal processing) . Forward 
simulation of elastic waves includes some analytical solutions {exact or approximated of 
some simple geometry structures and numerical solutions using the finite difference, fi-
nite element or boundary element methods. Elastic measurement involves various sources 
(such as steel ball impact, piezo-electric transducers, magnetostrictive transducers etc. ) 
and receivers (such as laser interferometer, strain gauges etc.) . Inverse analysis or signal 
analysis of elastic waves involves using efficient inverse algorithms, imaging processing, 
neural networks etc [9] . The aim of this chapter is to address the first aspect of the three 
step process and i.e. forward simulation for a thin circular elastic rod. 
3.1 Longitudinal waves in thin rod 
For aver a century, the subject Of wave propagation in rod like structures has been 
addressed by many investigators, who report a number of theoretical. approaches, approxi-
mations, analyses and experiments [28] . Propagation of waves in cylindrical structures are 
of interest in many difFerent applications such as medical ultrasound, acoustic propagation 
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along boreholes, acoustic sensing and fiber acousto-optics etc. [23~. Guided Waves NDE 
takes full advantage of the solutions and approximations of such propagation theories. It 
is important to have in depth understandings of the concepts in order to fully utilize the 
usefulness of inspection techniques. For a basic understanding of the vibrations of the 
rod and longitudinal modes in a rod refer to Rayleigh [39] and [40]. 
In the following sections a brief overview of the different solutions of wave propagation 
in rod like cylindrical structures has been provided. 
3.1.1 Exact solutions 
The exact solution of the elastic waves propagation in the rod like structures are based 
on the frequency equations developed by Pochhammer (1876) and Chree (1889) [29] . The 
procedure for finding the general frequency equation is to first consider the governing 
equations, an assumes a harmonic wave solution with application of appropriate bound-
ary conditions and utilization of theory of elasticity. This procedure would result in a 
system of homogeneous equation and nontrivial solution of such equations occur when 
the determinant of the coefficient matrix is set equal to zero. When the determinant is 
expanded, it results in a characteristic frequency equation and the roots of which can be 
plotted on an engineering dispersion graph with group velocity or phase velocity versus 
frequency. curves [14] . A similar procedure has been applied to the general equation of 
motion for the case of longitudinal wave propagation in rods. After the application of 
boundary conditions, the following dispersion equation has been obtained 
~ = 2a ~~2 + ~2)Ji~aa)Ji~~a) — ~Q2 — ~2)ZJo~aa)Ji~~a) — 
— 4a/3~2J 1(aa)Jo(,Ca) (3.1) 
where, 
c2 _ ~ + 2~ L p 
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a is the radius of the cylinder, ~ being the wave number, cL is the longitudinal wave 
velocity and cT transverse velocity in the elastic rod. 
The result obtained in Eq. 3.1 is referred as the Pochhammer frequency equation for 
the longitudinal modes. From this equation the phase velocity fir sinusoidal waves of any 
frequency along. an infinitely long cylinder may be obtained. These solutions are not exact 
for a rod of finite length since the condition that ends are free from the traction cannot 
be satisfied. However, when the length of the rod is long compared to the diameter, then 
residual stress in the rod is very small [30] . A plot of first three longitudinal modes of the 
dispersion curves is given in the figure 3.1. 
The velocity and the wavenumber in the figure are dimensionless with. ~ = c/co and 
~ = a~/2~r. The first observation about the dispersion curves is that as ~ --~ 0, the phase 
velocity of the first mode becomes the bar velocity of the rod and deviates from it as 
the wavenumber increases. This observation emphasizes the fact that the accuracy of the 
classical theory (to be discussed in the later section) diminishes as the frequenc~r increases. 
For the large values of ~, wave velocity approaches that of ~,aleigh wave velocity indicating 
the fact that higher frequency waves are confined to the surface of tr_e structures [14] . 
3.1.2 Elementary theory 
The elementary theory of wave propagation in rods is based on the stren~t~i of materi-
als. The elementary theory states that for longitudina,I wave propagation, elements of the 
bar extend and contract with no lateral displacement of the axis. Also, it is assumed that 
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Figure 3.1 Dispersion curves for the first three longitudinal anodes 
plane sections of the bar remain plane and motion tapes place only in the direction of the 
axis [31] . Many textbooks have presented the derivation of the motion of the rod in the 
axial direction. All the derivations begin by considering the force applied on a differential 
particle of the rod prior to the deformation of the rod and just after the deformation 
begins. In the figure 3.2, a uniform rod with a differential element in anon-deformed 
state has been presented. 
The differential element has a length dx and cross section area Ao. The rod is in tree 
static equilibrium state. As some external impact is applied on the rod, the differential 
element experiences a compressive force as shown in the figure 3.3. The compression on 
the differential element is related to the stress on the surface of the cross section of the 
rod. These stresses are related to the strains through the Nook's law. The strains of the 
element can be expressed by the displacements of the element. Hence, by assuming the 
2~ 
dy 
/~ 
Ao 
Figure 3.2 A uniform rod with a differential element in a non-deformed 
state 
/~ 
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Figure 3.3 Differential elerrient under compression 
uniaxial state of stress, the compressive farce experienced by the element can be related 
to the displacements, u as 
au 
F~ = AoF 
ax 
(3.2) 
The magnitude of this longitudinal stress acts normal to the faces of the differential 
element. By summing the two forces and using Newton's second law of motion, F = mom, 
one arrives at the following equation of the motion of the elastic pulses. 
O~ZG1 0~2,~~ C~22G1 
Ao.~_ .~ AoE _ Aodxp 2 ~x ax cat 
(3.3) 
The equation assumes that the acceleration is constant across the. differential element. 
Simplifying the above equation and we obtain the equation of motion. 
~o 
2 aul _ au2 82u1 
c ° 8x 8x atz 
dx (3.4) 
In equation 3.4, Co is the rod velocity, calculated from Co = E, p and E are the 
density and the Elastic modulus of the rod respectively. I~~Iany investigators simplify the 
equation of motion by expressing displacement imposed on one side of the differential 
element in terms of the displacement on the other side. 
aul 
u2 =u1 ~- dx 
ax 
(3.5) 
It is assumed that the rates of change of displacements are the same for the both sides 
which is quite reasonable for a differential element. . Hence the equation of motion is 
simplified to the following form. 
2 a 2u1 _ a 2u1 
Co 
2 — 2 ax a~ 
3.2 Longitudinal vibration in rods with discontinuities 
~3.s~ 
All rods have some discontinuities which have a significant effect on the wave propa-
gation. Some of the common discontinuities are varying cross section of the rod, an end, 
step change in the diameter of the rod etc. The proper analysis of the step change in the 
diameter of the rod is presented in the following. 
3.Z.1 Reflection from free end 
Before we proceed to the analysis, we need to understand some inherent characteristics 
of a rod of finite length. As no rod can be of infinite extent, some type of termination for 
the end of the rod always exists. Some common terminations include a fixed end, a free 
end, or even a junction with another rod. The fixed end occurs when the end of the rod 
has been held stationary while the free rod is terminated with nothing attached. Since the 
rod used in the experiments ,described in chapter 4, involves a rod with free erid, a brief 
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overview is provided to describe wave propagation encountering a free end of the rod [32] . 
When a wave encounters a free end then it attains certain characteristics related to the 
end conditions of the rod. There are two important results to be noted. Thy first thing to 
notice is the doubling effect of particle displacement. A second in~portant characteristic 
of the reflected wave is the phase reversal. For further discussion of the free end analysis 
of the rod reader should refer to [29] . The calculation of reflection and transmission 
coefficients of such interface condition can reveal many important phenomena. Typical 
problems which can be addressed concern the efficiency with which ultrasound energy 
is injected into the medium at the interface [34] . Also, a clear understanding of the 
mechanism of reflection and transmission of pulses at discontinuities in cross section (for 
instance, step change in cross section) is necessary if the problem of determining the 
response of a structure to dynamic loading, particularly of the. impulsive type is to be 
solved [33]. 
3.2.2 Step change in cross section of the rod 
The intent of this section is to describe the behavior of the waves encountering a step 
change in the diameter of the rod. Since the two rods are of same material and the only 
difference is the diameter of the rods, the boundary condition is described in terms of the 
areas of the rods. The change in the cross section of the rod is governed by two conditions 
of continuity. These conditions are as follows: 
Fl = F2
vl = v2
X3.7) 
(3.8) 
Where F is the force and v is the particle velocity. Let ~Z be the incident stress, crr
be the reflected stress and o-t be the stress in the transmitted pulse.. From the force ar~d 
velocity continuity conditions: 
(Ji + fir) ̀ ~ 1 ~t A2 (3.9) 
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Figure 3.4 Rod with a discontinuity in the cross section 
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From the elementary theory of longitudinal wave propagation we have, 
(s.lo) 
~ = pav (3.11) 
where p is the mass density of the bar material, and a = 
and (3.11) yields 
p2A2a2 ~ plAlal ~r = 
p2A2a2 
+plAlal  di 
2p2A1a2 
~i p 2A2a 2 -}- plA~ al
~t
Solving eqs. (3.9), (3.10) 
(3.12) 
(3.13) 
From (3.13) it can be seen that, if the quantity p2a2 is very small, as in the case of air, 
very little stress can be transmitted past the discontinuity. Rayleigh {39] pointed this out 
as the explanation of why very little energy can be lost from a vibrating steel rod to the 
atmosphere. 
If the discontinuity involves only a change in area, these equations reduce to 
~r 
a~t
A2 — Al— 
A2 ~ Al ~i 
2A2
—  ~i A2 -~- Al
(s.14) 
(3.15) 
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3.3 Accuracy of elementary theory in the experimental work 
The analysis based on the exact solutions would unnecessarily be complicated while 
we can find a workable solution based on the elementary theory of propagation. In this 
section an argument is given, based on certain assumptions and approximations, that the 
experimental work performed, described in the next chapter, based on the elementary 
theory of the longitudinal wave propagation in thin rods is justified. It is appropriate 
to use the elementary theory for the propagation of elastic waves in the thin rods with 
long wavelengths. The range of frequencies (< 64 kHz) presents a very small dispersive 
behavior of the waves. Along with the less dispersion of the waves, the lateral motion of 
the waves can be neglected as long as the wavelength of the. wave is large compared to 
the diameter of the rod. Furthermore, the phase velocity can be approximated to the bar 
velocity of the rod. The following assumptions are being made: 
1. The rod is infinitely long 
2. The steady state wave propagation as opposed to the pulse type 
3. Following wave equation governs the longitudinal wave motion 
E a2 u a2 
P axe — at2 (3.16) 
Assumption (1) works well as long as the length of the rod is long compared to the diameter 
of the rod and the residual stress in the rod is very small. In case of assumption (2), we 
can approximate the reflection and transmission coefliicients based on the pulse type to 
the steady state since the frequency spectruYn of the pulse in our desired frequency range 
(o-128kHz) is not seriously altered while it propagates along the rod. we can validate 
the assumption by st~~dying the dispersion curves in this frequency range. A sample 
dispersion diagram for a steel rod of 1 inch diameter and 1 o feet long can be found in the 
appendix. The assumption (3) is based on the fact that the lateral inertia is negligible 
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i.e. the plane cross sections remains plane during the deformation [35] . This assumption 
does not imply serious restrictions as long as the length of pulse is much longer than the 
diameter of the rod. In our case the length of the pulse varies between 0.325- 0.041.m 
(for the case of steel) . As long as the diameter of the rod is much smaller than this 
length the assumption of no lateral inertia is accurate. For shorter pulses, the influence 
of damping and dispersion and transverse and surface waves can be estimated according 
to Bancroft [35] ,Hudson [36], Davies [37] and others. In addition, it is also assumed that 
all deformations are linear and elastic. 
3.4 Concluding remarks 
In this chapter an overview has been provided for the theory of longitudinal waves 
propagation in cylindrical rods. An analysis has been presented to make the case for 
using the elementary theory for the experimental work described in the next chapter of 
this document. 
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CHAPTER 4. EXPERIMENTAL PROCEDURE AND 
RESULTS 
Experimental data, concerning the reflection and. transmission of longitudinal pulses 
in a circular elastic rod at a discontinuity in the cross section have been obtained. The 
experimental data has been compared with the predictions based upon the elementary 
theories. Additionally, wave propagation data has been acquired for a steel anchor rod to 
study its attenuation characteristics in different structure conditions. -These conditions are 
(i) rod in its original shape with no defects, (ii) rod with random gouges in a small portion 
(iii) rod with partial gouged area filled with the silver solder and (iv) rod with gouged area 
completely filled with the molten silver solder. The intention of the attenuation study 
is to experimentally prove the common observation about corrosive anchor rods which 
have very high attenuation. The attenuation decreases quite significantly when all the 
corrosion and its by products are shaken off the rod. The experimental data has been 
examined with reference to such observations. 
4.1 Introduction 
A magnetostrictive sensor (MsS) System can be used to generate and detect the elastic 
waves of relatively low frequency (up to 250 kHz) in various structures such as piping, 
tubing, plates and rods by using appropriate MsS probes. 
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4.2 Magnetostrictive sensor system .apparatus 
A typical experiment involving a magnetostrictive sensor System requires a MsS unit, 
an external biasing source of DC magnetization and appropriate probes. In this section 
a brief overview is provided about the type of equipment used in the experiment. 
4.2.1 Magnetostrictive sensor system unit 
MsS system models MsSR 2020 and MsSR 2o2oD have three types of front panel 
settings and they are transmitter, receiver and frequency settings as shown in the figure 
4.1. The figure shows the front panel of the MsS system. The transmitter settings allows 
the adjustment of the frequency, pulse rate, number of cycles and amplitude of the signal, 
direction of propagation and type of the waveform used. as an input. The frequency of 
the input signal can be saved, recalled and adjusted through the frequency setting on the 
front panel. The receiver portion provides access to adjust the gain of the received signal, 
change the band pass filter frequency and the type of the test i.e. pulse echo or pitch 
catch. The rear panel of the MsS system provides the connection to the junction box 
and laptop along with other connection options as shown in _the figure 4.2. The junction 
box is a hub of connections for the transmitter and the receiver probe cables. It means 
that junction box is the data transmission path between the external probes and the MsS 
system unit. 
Figure 4.1 Front panel view of the MsS system 
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Figure 4.2 Rear panel view of the 1V1sS system 
4.2.2 Probe coil and adapters 
There are two types of probes that can be used depending upon the type of structure. 
For instance, a plate probe is used for the rectangular and flat structures w bile a ribbon 
coil probe is preferred for the pipes, tubes, rods of any cross sectional shape and wires 
etc. The test material in the experiments is rod like which are used with ribbon coil 
probes and the associated adapters as shown in the. following three figures. Two types of 
coil adapters are used: single and dual. The steel rod experiment uses a pair of single 
adapters while the ,anchor rod experiment uses dual adapters. 
Dual Adaptirr 
Figure 4.3 Dual adapter used in the anchor rod experiments 
4.2.3 External do bias magnetic field 
For structures that are_ made of ferromagnetic material, as in our case, the reciuired 
DC magnetization can be applied by using external bias r~iagnets such as permanent 
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Figure 4.4 Single adapter used in the steel rod experiment 
Figure 4.5 Ribbon coil used to wrap around the structures with both ends 
connected to the adapter 
magnets or electromagnets. We have used the U shaped permanent magnets because they 
a,re convenient since they do not require the electric power. Different magnet placement 
orientations produce different wave modes and type. We only need the longitudinal modes 
so these magnets are placed such that field produced by them is parallel to the time 
varying magnetic field produced by the ribbon coil. The placement of U shaped magnets 
to produce only the longitudinal modes is schematically shown in the figure 4.6. 
4.3 Data acquisition 
The MsS data acquisition user program (available only with Model 2020D) provides 
features of a digital oscilloscope which can display data and save them in a computer file. 
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Figure 4.6 Schematic illustration of the placement of U-shaped 'Dias magnet 
on a rod for L-wave operation 
4,3.1 Data display and user interface features 
There are many user interface features in the MsS system data acquisition program. 
Some of the features are the buttons, digital control to type in the numeric value in tl~.e 
number field, text string control to type in the appropriate text, data display manipulate 
tions like zooming, panning and scrolling capabilities. The data acquisition screen displays 
the data in the form of waveform with the controls to change the parameters. Some of 
the parameters that could be changed with the user interface features are the. number of 
samples, sampling rate, percentage delay, number of averages, input range, mode type, 
velocity of the signal and data averaging type etc. 'the acquired data can be saved in the 
form of data file and can be archived later for the analysis. 
4.4 Testing concerns and procedure for the steei rod 
experiment 
4.4.1 Testing concerns 
Some of the concerns regarding the experimental procedure are stated in the following. 
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4.4.1.1 Location of transducers 
The location of the transducer placement on the rod is extr•errlely important in order 
to ensure that data cane be interpreted. The acquired data can be very complicated to 
interpret and its complexity would increase if the transducers are not .placed on proper 
locations. The transducer or probe locations are chosen so as to avoid the interference of 
two signals. This kind of setting would help uniquely identify and interpret the output 
signals within the desired range. 
4.4.1.2 Accuracy of the machining 
The accuracy of the rod machining u~as a concern before the expel invents. The step 
change in the diameter of the rod is a crucial aspect of machining and accuracy of the data 
acquisition. The machining is done within the Southwest facilities with a high accuracy. 
4.4.1.3 Sensitivity of the receiver probe coil 
There are two receiver transducers placed over the two different diameters of the 
rod. The sensitivity of the reception is dependent upon the diameter of the rod and the 
frequency of operation. Since the receiver probe acgaires the same frequency signal so 
the only factor affecting the sensitivity remains the diameter of the rod. The amplitudes 
of the received signals obtained by the receivers placed on two different diameters of the 
rod cannot be compared directly without deducing a sensitivity factor as described in the 
later section of the chapter. 
4.4.2 Testing procedure 
The experiment involves the measurement of the reflection and transmission waves am-
plitudes in the rod when the longitudinal waves of J~ (0,1) mode encounter a discontinuity 
of cross section. There are three identical steel rods each of length 10 feet. The diameter 
41 
of the rods is 1 inch. Each rod has undergone a machining procedure and a 2 feet length 
of each rod is reduced in diameter to 3/4 inch, i % 2 inch and i /4 inch respectively. The 
exact location of the discontinuity occurs at 8 feet from the far end. The figure (4.7) shows 
a diagram of such a rod with transducers placed at the measurement locations. The 
MsS Transmitter i MsS Receivers 
Bias Magnets 
Figure 4.7 Experimental set up for the measurement of incident, reflected 
and transmitted elastic waves 
Magnetostrictive Sensor system has been employed to obtain these measurements accu-
rately. All measurements have been be done in the pitch catch mode of the sensor system. 
The specimen is laid down horizontally over three wooden sawhorses at a regular interval. 
The un-machined red portion of the rod contains a transmitter and a receiver while a 
second receiver is placed on the machined portion to detect the transmitted portion of 
the elastic wave. All coil transducers encircle the rod. A static magnetic biasing field has 
been applied to the regions which contain the transducers. The orientation of the static 
biasing field is such that the time varying field produced in the transducer coils is parallel 
to it. This kind of external magnetic biasing arrangement prod~~ces longitudinal waves 
of L(0,1) mode. The transmitter at the un-machined portion of the rod end generates 
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Figure 4.8 Pictures for steel anchor rod experiment: Magnetostrictive sen-
sor system unit 
the longitudinal waves of dominant mode, L(0,1). The receiver detects the incident signal 
propagating towards the the discontinuity location and the reflected portion of the signal. 
The two signals can be uniquely identified by observing the time delay between therr~. 
Tlie machined portion of the rod contains the other receiver that detects the transmitted 
portion of the elastic wave after it encounters the step charge in the cross section. The 
position of the trarismi~~ter and the receivers have beers chosen so that there is no con-
tamination or overlapping of the received signals to facilitate the signal. processing. The 
exact positions of these transducers are; transmitter at quarter wavelength from the far 
left end of the rod, first receiver at the center of the rod and the second receiver is placed 
at 8.2 feet from the un-machined end. VVe have performed this experiment for three rods 
with 1/4, 1/2 and 3/4 inch diameter at three different frequencies of 16 kHz, 32 kHz and 
64 kHz. The next four figures show the equipment and the specimen. For more details 
about the generation of longitudinal, torsional and flexural wave refer to [38] . 
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Figure 4.9 External DC magnetization magnets 
Figure 4.10 Step change discontinuity 
~~ 
Figure 4.11 Experiment sarriple rods 
4.4.3 Experimental results and discussions 
A wealth of information can be extracted out of the data obtained from the experi-
ments described in the previous section. There are number of observations and conclusions 
that can be made from the data analysis. 
4.4.3.1 General description of the data signals 
As can bee seen from the figure 4.12, a typical data file contains many signals from the 
discontinuity as well as from end wail reflections. It is imperative not only to distinguish 
between different signals but also to know their origins. It is very easy to fall prey to 
a misinterpretation of the data and get the readings from the wrong signal. Therefore 
special care needs to be taken. There are three specimen and in total we get nine data 
sets, three experiments performed on each specimen. The material of rods is the same and 
the only difference being different diameters of the machined sections of the rods. The 
occurrence of the signals happens at the fixed time and distance locations so interpreting 
any one data file can be generalized to all the cases Table 4.1 gives the description of 
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Figure 4.12 Typical Data file with the reflected signals from the end wall 
and the discontinuity 
each signal. 
Let us start our analysis with the scattering parameters of the wave after its encounter 
with the step change in the cross section of the rod. 
4.4.3.2 Scattering parameters 
The analysis enables us to compare the theoretical and experimental reflection and 
transmission coefficients. we .need amplitudes information of the first three signals of. 
the data for each experiment. These signals are the incident wave travelling towards the 
discontinuity location, reflected wave after the reflection and the transmitted wave trav-
elling into the machined portion of the rod. The theoretical values for the reflection and 
transmission coefficients have been obtained using the analysis discussed in the previous 
chapter. In the following six figures, tune domain signals obtained during the data acqui-
sition and the their corresponding FFT's have been displayed for a signal of 32 ki3z for 
steel rods with 3/4, 1/2 and l; 4 inch machined diameters. 
The experimental values have been obtained by getting the ratios of amplitude of 
reflected wave to the amplitude of incident wave and transmitted wave amplitude to 
the incident wave amplitude. Due to the different sensitivities of the two receivers, we 
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Table 4.1 Description of each signal occurrence in the data 
Symbol Signal description 
Inc Incident signal 
Rl i first reflected signal 
Tl, T11, T12 First transmitted, End wall reflections 
of the reflected portion of T 1 
R2, R21 Far end reflection of R1 and reflected 
portion of the R2 at the discontinuity 
T2, T21 Far end reflection of T 1 and reflection 
of T2 at the discontinuity 
R3 Far end reflection of R21 _ 
R4, R41, R42 
r 
End wall reflections of. the transmitted 
portion of R2 
T3, T31 End wall reflections of transmitted portion 
of T2 
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Figure 4.13 Typical Pitch catch data acquired using Magnetostrictive sen-
sor system for the anchor rod experiment for different rod con-
dition at 32 kHz:3/4 inch diameter machined steel rod 
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Figure 4.16 Fast Fourier Transforms of the first three output signals of the 
Data presented in the last three figures for the first receiver: 
.3/4 inch diameter steel rod 
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cannot use their outputs together in the analysis unless we work out the sensitivity factor. 
The sensitivity of the measurement is different for the two receivers due to the different 
external bias field and the cross section area of the rod. We will discuss this issue in 
the later section. For now, the transmission coefficient Ii.as been obtained by using the 
third signal in .the data file received by the first receiver after it experiences the end 
wall reflection and reenters the un-machined portion of the rod again. The transmission 
coefFicient results have been obtained for double transmission, the second one being after 
the reflection from the end wall and back into the un-machined portion of the rod. The 
results have been shown in figures 4.20 and 4.21. The actual experimental and theoretical 
data values can be found in the appendix B for each experiment. 
4.4.3.3 Analysis 
The first observation about the scattering parameters can be made that the error 
percentage between theoretical and experimental results is very small for the waves at 
64 kHz. The dispersion diagram shows a more close agreement of the group velocity 
with the bar velocity of the rod at low frequency range. A couple of arguments can be 
.made for this discrepancy. The waves at 10 kHz has a long wavelength (13 inches) and 
a slight confusion occurs when it comes to separate the incident wave from the initial 
pulse because of the longer dead zone at the lower frequency. This can have an effect on 
the amplitude of the incident wave during the signal processing. This experimental error 
could have been avoided if rod of larger length had been used and the distance between the 
transmitter and receiver transducer had been increased. In this way the receiver position 
could be set at the positions where the initial pulse, incident, reflected and transmitted 
waves were completely separate. Secondly, only one cycle of the pulse has been used for 
the 16 kHz and 32 kHz waves as compared to 5 cycles irY case of 64 kHz. The results for 
15 and 32 kHz can be off the theoretical values dui to the application of single cycle. A 
single cycle pulse has a wider frequency spectrum as compared to 64 kHz signal with 5 
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1 
cycles causing the complications in the data interpretation. Awider frequency spectrum 
can lead to more dispersion and signal deterioration. Usually a larger number of waves 
are used when inspecting a long structure so that there is enough energy in the signal to 
propagate. 
4.4.3.4 Mode conversion 
The mode conversion of L(0,1) mode can occur after its encounters the step change in 
the diameter of the rod into T(0,1) and/or F(1,1). The dispersion diagram (please refer 
to the appendix) reveals that in our test frequency range( 64 kHz), we can expect anly 
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1 
L(0,1), T(0,1) and/or F(1,1) to exist. Since the Magnetostrictive sensor probe is set up 
only to transmit and detect mostly longitudinal waves so flexural and torsional modes are 
not detected. This argument can be observed in figure 4.21 and figure 4.22. If torsional 
modes were to be detected then they would occur, based on the distance travelled and 
velocity of the torsional mode information, at 0.766 msec and 1.7185 msec. Similarly, for 
flexural waves at 32 kHz these modes would occur at 0.7705 msec and 1.729 msec. 
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Figure 4.21 Torsional wave mode conversion for 32kHz signal for 1/4, 1/2 
and 3/4 inch diameter machined rod 
4.4.3.5 Attenuation 
The attenuation measurement tecrnique has been adopted from Cawley et al from 
their work in [41] . They have measured the attenuation of a rod partly immersed in 
viscous liquid. In our case, the attenuation measurements for the steel rod are important 
because they can determine how long in length we can get the measurements reliably 
before the signal dies out. The attenuation for the un-machined rod has been calculated 
by comparing the relative amplitudes from several end wall reflections. The .measurements 
have been taken at three different frequencies i.e., 16 kHz, 32 kHz and 64 kHz. The figure 
shows the attenuation of the signal at different frequencies and as expected the attenuation 
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Figure 4.22 Flexural wave mode conversion for 32kHz for 1/4, 1/2 and 3/4 
inch diameter machined rod 
increases with the increase in frequency. There are two important observations to be 
made and they are (i) how does the attenuation of the structure vary with the decreasing 
diameter of the machined portion of the rod (ii) and its variation with the increasing 
frequency. The attenuation of the structure has been calculated by using the amplitudes 
of the incident signal and the first end wall reflection signal. The second end .wall reflection 
signal is too difficult to detect since there are quite a few signals received in between two 
end wall signals making the analysis a complicated affair. As can be seen from the figure 
(4.23}which plots the attenuation curves for new steel rod, .with 1 inch diameter, 3/4 
inch machined diameter rod, 1 /2 inch machined diameter rod and 1 /~ inch machined 
54 
diameter rod versus frequency that attenuation increases with the decreasing diameter of 
the machined portion of the rod. The second important observation can be clearly made 
that the attenuation increases with the increasing frequencies. Except for the 1/4 inch 
diameter machined rod the data seems to follow the stated observations that could indeed 
be an experimental error. 
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Figure 4.23 Attenuation curves for new steel rod with 1 inch diameter, 3/4 
inch machined diameter rod, 1/2 inch machined diameter rod 
and 1/4 inch machined diameter rod 
4.4.3.6 Sensitivity 
The analysis is important to understand the issues involved in the detection of the 
signals by the receivers under different external magnetic biasing conditions. As in our 
case, the first receiver is placed on the un-machined portion of the rod with a diameter of 1 
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inch and with large permanent magnets as compared to the second receiver which is placed 
on the machined portion of the rod with small permanent magnets and diameters. The 
magnitudes of the incident and reflected signals detected by the first receiver can not be 
compared directly with the transmitted signal obtained through the second receiver. The 
sensitivity of the magnetostrictive sensor varies with the different external biasing magnet 
conditions or magnetization of the material. Tables 4.2, 4.3 arld 4.4 provide the output 
amplitudes of the two receivers. The sensitivity factor is calculated by taking the ratio 
of third output signal (the first end wall reflected signal) of the first receiver to -the first 
output signal of the second receiver. The purpose of the sensitivity factor to get a some 
kind of of idea how sensitivity of the receiver probes vary with different frequency signals 
and the diameters of the rods. The initial analysis reveals that the sensitivity factor 
decreases with the decreasing frequencies for fixed number of signal cycles. It means 
that the sensitivity of the second receiving probe increases with the decreasing frequency 
relative to the first receiver. Also, the sensitivity factor decreases with the decrease in 
the diameter of the machined portion of the rod. The external biasing magnets remain 
the same for all the experiments so the sensitivity of the second receiver increase with the 
decreasing diameter of the rod. Another observatiorl about -the sensitivity data can be 
made that it is dependent upon the number of cycles of .the incident signal. The 64 kHz 
incident signal has 5 cycles and small sensitivity factor as compared to the 16 kHz and 
32 kHz signals which have only one cycle and a large sensitivity factor. 
Table 4.2 Sensitivity data for 3/4 inch machined rod 
3/4 inch Receiver 1 (volts) Receiver 2 (volts) Sensitivity Factor 
16 kHz 2.96 10-s 0.43 10-6 6.88 
32 kHz 0.930 10-6 0.0970 10-6 9.5876 
64 kHz 1.14 10-6 0.710 10-6 1.61 
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Table 4.3 Sensitivity data for 1/2 inch machined rod 
1/2 inch I3.eceiver 1 (volts) Receiver 2 (volts) Sensitivity Factor 
16 kHz 2.05 10-6 0.98 10-~ 2.092 
32 kHz 7.93 10- ' 3.22 10- ' 2.462? 
64 kHz 6.0 10- ' 7.5 10- ' 0.80 
Table 4.4 Sensitivity data for 1/4 inch machined rod 
1/4 inch Receiver 1 (volts Receiver 2 (volts) Sensitivity Factor 
16 kHz 0.44 10-7 0.52- ~1 0.84E 
32 kHz 0.432 10- ' 1.05 10- ' 0.411 
64 kHz 1.28 10-6 3.053 10-s 0.418 
4.4.3.7 Signal dispersion 
The analysis would shed some light on the dispersive nature of the L (0,1) wave Triode 
while it propagates through the rod. Even though we have assumed in our theory that 
there is no dispersion involved in the elastic wave prt~pagation but still ~.ve are able to 
see some degree of dispersion in the time do~nairi signal. The most. prominent case of 
dispersion is observed in the 64 k~Iz signal where the signal packet changes its shape due 
to the dependar~ce of its velocity on the frequency. Initially in the experiment only one 
cycle of 64 kHz signal was propagated into the bar, but due to the exce~siTJe dispersion, 
it was hard enough to separate reflected and transmitted signals. It was then decided ~o 
use 5 cycles in order to make the frequency spectrum of the signal narrow. This may the 
reflected and transmitted signals are uniquely determined due to less degree. of dispersion. 
'The decision of using 5 cycles is made solely on basis of hit and trail. We .stared off the 
experiment with one cycle and kept on increasing the number .until ~~~e got the reflected 
and transmitted signals separated from each other. In order to fully see the effects of 
dispersion 1 cycle of 64 kHz signal, propagated through the new steel rock, is shown in the 
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figure 4.24. 
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Figure 4.24 Dispersion effects for 1 cycle 64 kHz in a new steel rod. The 
dispersion effects are very apparent from the end wall reflection 
data. 
4.5 Testing procedure for the anchor steel rod 
4.5.1 Corrosion simulation 
The experiment requires us to simulate the corrosion and its byproduct defects in the 
rod. The main challenge is to choose such a material which can be filled into the gouges 
created on a sma11 portion of the rod to simulate corrosion and its byproduct defects. It 
has been assumed that acoustic impedance of the corrosion and its byproducts is around 
20-24 MRayls (kg/(sec * m2) x 106). After trying several materials silver solder has been 
chosen to melt into the gouges and fill them up. The acoustic impedance of the silver 
solder came out to be close to 28 MRayls. 
4.5.2 Testing procedure 
The experiment involves the measurement Of the amplitudes of the back wall reflected 
signals to calculate the attenuation of the rod. The experimental procedure is quite 
identical to the one for the steel rod described earlier. The difference lies in the fact 
that a single rod has been used for all the measurements and pulse echo mode of the 
58 
Figure 4.25 Pictures for steel anchor rod experiment: Anchor rod with 
clamped transducers 
magnetostrictive sensor system has been used to obtain the data. One coil probe with 
dual adapter has been wrapped around the rod which transmits and detects the elastic 
waves. Anew anchor rod has been taken and data acquisition is performed to measure 
the back wall reflected signal amplitude. After that, galvanization of the rod is randomly 
removed and data acquisition is performed again. Then gouges are crated on a small 
portion of the rod and data is acquired. The corrasion defects are simulated by filling 
the quarter portion of the gouged area and then the whole region of gouges is filled and 
data acquisition is done. The following four figures show the different conditions of the 
anchor rod used in the experiment. The gouges have been made for about a foot :long 
length at three feet away from the far end of the rod. The data has been collected for 
four different frequencies at 16 kHz, 32 kHz, 64 kHz and 128 kHz. The data at 64 kHz 
and 128 kHz is very complicated due to the dispersion and is prone to more reflections 
and signal distortions due to the small wavelengths as compared to she 16 kHz and 32 
kHz. 
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Figure 4.26 Anchor rod with galvanization removed 
Figure 4.27 Anchor rod «pith gouge 
b~ 
Figure 4.28 Gouges filled with silver solder 
4.5.3 Experimental results and analysis 
A typical data set looks like the figures i.n the following four figures. The next four 
figures show the corresponding FFT's of the first two back wall reflected signals. The 
data has been presented for 32 kHz signal for different rod conditions as described in the 
previous section. The purpose of obtaining the data is to plot the attenuation curves for 
the rod in different physical conditions versus frequency. 
The figure 4.37 plots such curves with each curve representing an attenizai;iori behavior 
of the rod at varying frequency. The four rod condition which the data represents are (i) 
rod in its original shape with no defects, (ii) rod with random gouges in a small portion 
(iii) rod with partial go~aged area filled with the silver solder and (iv) rod with gouged 
area completely filled with the molten silver solder. The common everyday observation 
about the attenuation of these rod conditions is that with each rod condition, in ascending 
order, the value of attenuation coefficient increases for a particlzlar frequency. There is 
a discrepancy in the data in the case of rod with gouged area completely filled with the 
~3 
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Figure 4.29 Typical pulse echo data acquired using Magnetostrictive sensor 
system for the anchor rod eiperiment for different rod condition 
at 32 kHz: New steel rod 
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Figure 4.30 Gouged rod 
silver solder. The silver solder is supposed to simulate the corrosion ~i~~t apparently it fails 
to an extent. The acoustic impedance of tie corrosion is suggested to be around 20-24 
MRayls (I~g/(sec * m2) x 106) and the calculated impedance of the silver solder material 
is around 28 MRayls (leg/ (sec * m2) x 106) . This difference in the impedance of the tv,ro 
materials is not the cause of discrepancy to a larger extent rather the .non .porous nature 
of the silver solder material is the actual - cause. The increase in the attenuation with 
respect to the new, in case of the gouged rod, is very obvious due to the loss of energy in 
the gouged area. The attenuation further increases in the case of partially filled gouged 
rod because more of the .energy travelling towards the back wall is transmitted into the 
simulated corrosion area and is reflected when it er,.iaur~ters the gauges. Tn.e decrease in 
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Figure 4.31 Partially filled gouges 
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Figure 4.32 Completely filled gouges 
3.5 
the attenuation in the case of completely filled gouged rod is due to the fact that less 
energy is reflected when the change of impedance occurs at the filled portion as compared 
to the unfilled gouges. If the gouges were filled with actual corrosion and its by products 
then the attenuation would have have been a lot higher. The argument that can be given 
for this increase. is that it is the porous nature of the corrosion and its by products which 
traps a significant amount of energy into it and cranks up the atten~~ation coefficient. 
4.6 Concluding remarks 
This chapter has outlined the experimental procedures, results and the analysis of 
various tests performed using the Magnetostrictive sensor system. The results and the 
analysis have been compared with theoretical predictions. 
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Figure 4.33 Fast Fourier Transforms of the ~~rst tvvo hack v~rall reflected 
signals of the Data presented in the last four figures: T+~evv steel 
rod 
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quency. The expected attenuation of the completely filled 
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the molten silver solder, attenuation is significantly low. 
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CHAPTER 5. SUMMARY AND CONCLUDING REMARKS 
The intent of the thesis is to present modern techniques to study the propagation 
properties of the longitudinal waves in a rod like structures. Magnetostrictive serl~or 
system has been employed to perform the wave generation and detection within the elastic 
structure, rod in this case. Some advanced signal processing techniq-~zes have been used 
to extract and analyze useful and meaningful data. 
5.1 Advancements to the previous study 
The inspiration of the study for scattering of longitudinal waves at the cross sec-
tion discontinuity comes from the work performed by Abramsonl and P~ipperger2 who 
published their work in the ,2nd Midwestern Conference on _Solid 1~lechanics about the 
scattering of longitudinal wave in a thin steel rod at a discontinuity of step change in the 
diameter of the rod [42] . The study showed some surprisingly close results for transrnis- 
sion and reflection coefficients at the cross section discontinuity between the theoretical 
predictions made by the elementary theory and experimental results. Despite the close 
results Ripperger and Abramson believed that the. discrepancy between predicted and 
measured results is too great to be attributed to experirnental error. It mast be assumed 
that the reflection and transmission coeffiicients, based on elementary theory, were .not 
accurate for pulses of the type and duration used in the experiment. They pointed out dt 
the possibility of a~n expanded experirnental ir~vestiga~tion of the phenomena involved, and 
~ (South West Research Institute) 
2 (University of Texas) 
~l 
the effect of such parameters as pulse length and the ratio of the bar diameters appeared 
to be warranted. 
In the present study the author -has made specific advancements in the following areas: 
1. A advanced and well controlled experimental technique to generate and detect the 
longitudinal waves of lowest order. The dispersion diagram (included in the ap-
pendix A) clearly shows that higher longitudinal modes start to appear around 140 
kHz. In order to ensure only the lowest longitudinal mode, experiments have been 
performed well below 140 kHz. 
2. Study of various important signal properties and parameters such as scattering 
parameters of the waves at the discontinuity, attenuation characteristics of the rod, 
dispersion of the propagating wave and mode conversion of the pr©pagating waves 
etc. 
3. Better signal processing and analysis techniques to filter the undesired data and 
process the useful information in the signal. 
4. Better agreement between the experimental results and theoretical predictions made 
based on the elementary theories of longitudinal wage propagation i~. thin rods. 
In the future studies an exact theoretical longitudinal wave propagation Ynodel is needed 
upon which wave scattering studies can be based upon. In addition to this, Ynore then 
retical and experimental models are being researched far the other modes of wave prop- 
agation in various structures, for instance, using torsional r~iode waves in various wave 
propagation studies. Moreover, magnetostrictive sensor system has been used to vtudy 
wave propagation properties . particularly their dispersive beb.avior. in addition to this, 
the magnetostrictive sensor system technology is a guided wave .tool well suited for long-
rar_ge inspection and testing of both cylindrical and plate type structures such as piping, 
tubing, vessels, plates and cables etc. The magnetostrictive sensor system technology is 
~8 
finding wide applications in various industries including oil, gas, chemical, petrochemical, 
aerospace, electric power and civil engineering etc. where the long range global inspec-
tion and monitoring is beneficial for maintaining the safety and integrity of the struct~zre. 
With the increasing industrial acceptance of the guided wave inspecticn technology, fur-
ther active research and _development of theory, mode~ing, probe and instrument system, 
inspection -and data processing techniques are expected to follo~~~. 
5.2 Concluding remarks 
A.s has been adequately emphasized earlier in the document that guided waves inspec-
tion methods offer more improved inspection ser~siti vities and cost reductions. With the 
advancements in the form of new sophisticated transducer systems ~:nd more powerful 
signal processing techniques, a host of new applications has been developed in the last 
decade or so. More .and.. more interest has been generated within the research comrr.~unity 
about understanding the phenomenon of wave propagation iY1 various Structures. such 
understanding can lead to the developrrlent of new a,nd more effective non~.estructve 
techniques to inspect various structures of interest. 
~~ 
APPENTDI~ A. Additional IVtate~ial 
Dispersion curve of 25.4-mm GD rod 
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Figure A.1 Dispersion diagram fora 25mm steel rod 
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API'E?~DIx B. Statistical Results 
Scattering Parameter data is provided in the following tables for the three machined 
rods with 1/4, 1/2 and 3/4 inch diameter for three different frequencies of 16 kHzy 32 kHz 
and 64 kHz . 
Table B.1 Scattering parameter da1;a for 1/4 inch rmachined rod 
Frequency Inc. arripl. volts Re#iec. ampl. volts 'Fans. ampl. vc~Its 
16 kHz 2.015 e_6 1.53 e_6 4.55 e~7
32 kHz 2.26 e_6 2.035 e_6 4.35 e_7 
64 kHz 5.52 e_s 4.67 e- ~ 1.275 e~7
Table B.2 k.eflection coefficients for 1/4 inch machined. rod 
Frequency Theoretical Predictions Experimental Observations 
16 kHz 0.88 0.759 
32 kHz 0.88 0.90 
64 kHz 0.88 0.846 
Table B.3 Transmission coefficients for 1/4 inch machined rod 
Frequency Theoretical Predictions Experimental Observations 
16 kHz 0.22145 ~ 0.226 
32 kHz 0.22145 0.1925 
64 kHz 0.22145 0.2309 
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Table B.4 Scattering parameter data for 1/2 inch machined rod 
Frequency Inc. ampl. volts R.eflec. ampl. volts Trans. ampl. volts 
16 kHz 3.37 e-s 2.12 e ~ 2.05 e-s 
32 kHz 1.22 e-s 0.70 e--6 0.795 e~s
64 kHz 9.14 e-7 5.52 e~7 0.08 e-~?
Table B.5 Beflection coeflcients for 1/2 inch machined rod 
~equency Theoretical Predictions Experimental Observations l 
16 kHz 0.60 0.6291 
32 kHz 0.60 0.5761 
64 kHz 0.60 0.604 
Table B.6 Transmission coefficients for 1/2 inch machined rod 
Frequency 
_ 
Theoretical Predictions _ Experin~.ental Observations 
16 kHz 0.64 0.6083 
32 kHz 0.64 0.654 
64 kHz 0.64 0.665 
Table B.7 Scattering parameter data for 3/4 inch machined rod 
Frequency Inc. arnpl. volts Reflec. ampl. volts Trans. ampl. volts 
16 kHz 3.92 e- 0.910 e- 2.95 e~~ 
32 kHz 1.08 e-s 0.270 e--6 0.93 e+s
64 kHz 1.26 e-s 0.359 e-s 1.138 e--s 
Table B.8 Reflection coefficients for 3 /4 inch machined rod 
Frequency Theoretical Predictions Experimental Observations 
16 kHz 0.28 0.2321 
32 kHz 0.28 0.251 
64 kHz 0.28 0.2849 
Table B.9 Transmission coefficients for 3%4 inch machined rod 
~equency Theoretical Predictions Experimental Observations 
16 kHz 0.9216 0.7525 
32 kHz 0.9216 0.865 
64 kHz 0.9216 0.903 
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